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LED-Cavity Enhanced Absorption Spectroscopy 
for Sensing the Atmosphere 
Outline of Talk 
  Introduction : Motivation & Challenge 
  LED - IBBCEAS (Light Emitting Diode - Incoherent 
BroadBand Cavity Enhanced Absorption Spectroscopy)  
 Applications to sensing of key atmospheric reactive trace 
gas species 
I.  Simultaneous monitoring of nitrous acid (HONO) & nitrogen 
dioxide (NO2) in the Environment 
II. Simultaneously tracing nitrate (NO3) radicals & NO2 in a key 
nocturnal tropospheric chemical reaction in atmospheric 
simulation chamber 
III. Simultaneous measurement of NO2 and particulate matter (PM) 
 Summary 
Motivation (1) 
Measurements of key atmospheric reactive trace gas species 
Chemical instruments (CIMS, IC, FL, CL, LOPAP, HPLC) : 
typically cheap, easy to use and very sensitive down to ~ pptv 
(due to “sample preparation”) with a time resolution of minutes 
to hours.  
Suffering from unquantified chemical interferences 
and sampling induced artifacts.  
Spectroscopic instruments (TDLS, CEAS, DOAS) : free of 
chemical interference and chemical conversion (sampling 
artifact free), self-calibrated and fast and absolute  
concentration measurement.  
Challenging to get high sensitivity …. 
Motivation (2) 
 
Sensitive spectroscopic measurement in the UV & Visible 
  
H. Yi et al., Opt. Express 24 (2016) A781 
Strong and structured broadband molecular absorptions in the VIS and the UV 
regions, arising from the electronic fundamental transition, allow for high 
sensitivity sensing of the key atmospheric species at the ppbv-pptv levels. 
(a)  HONO : T. Wu, W. Chen et al., Appl. 
Phys. B 106 (2012) 501; Atmos. 
Environ. 95 (2014) 544 
(b)  NO2 : T. Wu, W. Zhao, W. Chen et 
al., Appl. Phys. B 94 (2009) 85 
(c)  NO3 : T. Wu, W. Chen, et al. JQSRT 
133 (2014) 199 
Challenge : High sensitivity  
involving “long optical path length absorption approaches”  
Multipass absorption (White / Herriott cells) : 100-200 m =>  ~ ppb 
Differential Optical Absorption Spectroscopy (DOAS) : ~ km => ~ ppt 
 Broadband light => multiple species detection 
 Integrated concentration Measurement => low spatial resolution 
Cavity RingDown Spectroscopy (CRDS) : > km => ~ ppt 
 Compact cavity size (LBase ~ m) => high spatial resolution 
 Laser source => mono-species measurement 
Broadband Cavity Enhanced Spectroscopy (IBBCEAS) : > km => ~ ppt 
 Compact cavity size (LBase ~ m) => high spatial resolution  
 Broadband light  source => multi-species measurement 
Incoherent BroadBand Cavity Enhanced 
Absorption Spectroscopy (IBBCEAS) 
S.E. Fiedler, A. Hese, A.A. Ruth, Chem. Phys. Lett. 371 (2003) 284 
Narrow band laser sources: Off-
Axis Integrated Cavity Output 
Spectroscopy (OA-ICOS) 
Broadband lights : IBBCEAS 
Broadband incoherent light sources 
 
Xenon arc lamp/Laser pumped plasma broadband light, LED, Supercotinuum  
Sources 
Xenon arc lamp Light Emitting Diode (LED) 
Superconituum  
(white light) 
Spectral Range 185 – 2000 nm 350 – 1550 nm 3 – 7 µm 400 – 2200 nm 
Linewidth (FWHM) 180 – 2000 nm ~ 20 nm (UV) 
 > 100 nm (VIS) 
0.4 – 2 µm 
(0.1 - 0.2 lmax) 
400 – 2200 nm 
Beam Quality Black body emission  
in all direction 
Vieing half angle 
  q1/2 = ± (7-70) ° 
≤ 40 ° laser-like beam quality 
(f2 mm @ 633 nm) 
Optical Power  
Output 
35 – 300 W 50 - 1000 mW 10 – 500 µW ~ W 
Cooling Convection cooling TE cooling TE cooling Air cooling 
7 
Typical LED-BBCEAS approach 
LXHL-LR3C 
N2 N2
Pump
Air
Optical fiber
Spectrometer
HR mirror HR mirror
  
 
 
Lens Lens
TEC
Copper plate
LED
(a)
420 440 460 480 500 520 540
0
500
1000
1500
2000
2500
3000
3500
Co
un
ts
Wavelength（nm）
LXHL-LR3C
Light  
Detector 
Cavity 
BroadBand absorption => Simultaneous concentration 
retrieval of multiple absorbers by multivariate fit 
Polynomial function for 
slow variations in the 
baseline with wavelength 
including BG, aerosol 
extinction and Rayleigh / 
Mie scattering 
Ref. spectra  Exp. spectrum 
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2 cavity mirrors 
Applications to Sensing the 
Atmosphere 
1. Optical monitoring HONO in air 
Lifetimes:  ~ min.  with typical concentration of ~ ppb in the 
environment, ~ 10 ppb in indoor and tens of ppb in car 
HONO is a very important source of the OH radical. 
The modeled HONO concentrations are often 
significantly below field observed values, which 
suggests a large missing source of HONO (Science 333 
(2011) 1616; 341 (2013) 1233; 344 (2014) 292) …. 
Campaigns: China: PRIDE-PRD 2004; USA: BEARPEX 
2007 (California), SHARP 2009 (Houston), CalNex 2010 
(California); Europe: DOMINO 2008, CINDI 2009, FIONA 
2010; …. 
To better understand the contribution of HONO to the 
atmospheric photochemical processes and the OH budget 
Field observation of HONO & NO2 
 
In collaboration with Hong Kong Polytechnic University 
W. Tao, W. Chen, T. Wang et al., Atmos. Environ. 95 (2014) 544 
1  DL (120 s) : 
HONO: 300 pptv  
NO2 : 1 ppbv 
HONO  azo dye, then 
photometrical detection 
by long path absorption 
LOPAP-03 instrument Chemiluminescence NOx analyzer (TEI, model 
42i) equipped with a Blue Light Converter 
Simultaneous measurement of HONO and NO2 
Test : measurement of 3.0 ppb 
HONO and 22.2 ppb NO2 in 
ambient air. 
Test: Lab-generated* HONO (measured 
and fitted absorption spectra of 11.1 
ppb HONO & 19.3 ppb NO2 in N2.  
2 2
2
1 2 3( ) ( ) ( )HONO HONO NO NOn n a a a l  l  l l l    
* Heterogeneous formation of HONO by reaction of NO2 with 
ambient water vapor on surfaces : H2O + NO2  HONO + HNO3 
@ ~ 6 PM : CO combustion tracer 
=> HONO from traffic emission 
@ ~ 7 AM : Heterogeneous nighttime 
formation from NO2 hydrolysis on surfaces 
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rose depending on the blowing 
wind sectors. 
2. [NO3] & [NO2] monitoring by IBBCEAS  
in smog chamber : chemical kinetic study 
LED SMB660N-1100-01 (USHIO) 
Radiated power 
(@ 500 mA) 
300 mW 
Peak wavelength  
(@ 100 mA) 
660 nm 
Half width 25 nm 
Viewing half angle ±7° 
Cost per LED 6.5 € 
2 m x 2 m x 2 m in plexiglas, illuminated with 
10 fluorescence tubes (400–800 nm, 40 W) 
Spectroscopic measurement of NO3 radicals and NO2 
W. Tao, A. Cassez, C. Coeur, E. Fertein, W. Chen, JQSRT 133 (2014) 199 
Max. mirror reflectivity of 99.991%  
=>  Leff = 22 km 
DL  (1 in 60 s) :  
NO3 : 7.9 ppt; NO2 : 9.0 ppb; O3 : 120 ppb 
17 
Monitoring broadband absorption of N2O5  
by External-Cavity Quantum Cascade Laser @ ~ 8 µm 
Real time tracing [NO3], [NO2] and [N2O5] 
Reaction equation 
Reaction rate constant (at 293 K) ;  
Unit: k1f-k6f (cm
3 molecule-1.s-1) 
Ref. data 
[Atkinson 2004] 
FACSIMILE fitting 
IBBCEAS value  
1. NO2+O3=NO3+O2 (k1f) k1f=3.33×10
-17  k1f=3.50×10
-17 
2. NO2+NO3+M↔N2O5+M (k2f, k2r) k2f=1.25×10
-12 ;  
k2r=3.48×10
-2  
k2f=1.27×10
-12;  
k2r=4.01×10
-2 s-1 
3. NO2+NO3=NO+NO2+O2 (k3f) k3f =5.43×10
-16  k3f =5.53×10
-16 
4. NO3+NO3=NO2+NO2+O2 (k4f) k4f =1.98×10
-16  k4f =2.06×10
-16 
5. NO+O3=NO2+O2 (k5f) k5f =1.63×10
-14  k5f =1.72×10
-14 
6. NO+NO3=NO2+NO2 (k6f) k6f =2.60×10
-11  k6f =2.48×10
-11 
Wall loss Smog chamber (in plexiglas) dependent 
7. NO3=wall loss (k7f) k7f =1.48×10
-2 s-1 
8. NO2=wall loss (k8f) k8f =9.50×10
-5 s-1 
9. O3=wall loss (k9f) k9f =7.34×10
-5 s-1 
10. N2O5=wall loss (k10f) k10f =2.17×10
-5 s-1 
during the reactions : NO2 + O3  NO3 + O2 &  NO2 + NO3  N2O5  
Atkinson et al, ACP 4 (2004) 1461–1738 
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Simultaneous measurement of NO2 and particulate 
matter (PM) using  
 
supercontinuum light (400-2400 nm) based 
IBBCEAS 
Simultaneous measurement of PM and NO2 
PM from incense burning and NO2 in air were simultaneously 
measured using an IBBCEAS coupled to a supercontinuum light 
source. The results were compared with an optical particle counter 
(αlphasense, OPC-N2) for PM and an AC31M NOx analyzer for NO2.  
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• Background signal are checked every 6 min. 
• Measurement limit (1σ) are experimentally determined to be 45 pptv for NO2 
in 40 s and 0.27 Mm-1 for PM (extinction coefficient) in 15 s integration time, 
respectively.  
NO2 (15 ppbv) - PM (ext. coef. of ~ 180 Mm
-1) at 450 nm 
IBBCEAS vs. an optical particle counter (OPC-N2) for PM and a reference NOx 
analyzer (AC-31M) for NO2, respectively.  
DOAS-CRDS-BBCEAS 
long optical pathlength absorption approaches for high-sensitivity measurements 
Key features DOAS CRDS BBCEAS 
Multi-species measurements Yes limited Yes 
Km long absorption  remote In situ In situ 
Spatial resolution Av. Conc. Local Conc. Local Conc. 
Calibration required No required 
Background-noise limited Yes No Yes 
Optical alignment 
Critical mode matching  
Active TEM00 modes coupling 
No Yes No 
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